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Abstract 
This paper presents a numerical study of the thermal performance of a storage tank with nozzle injection and its 
improvement---a guide tube. The cooling performance of the storage system with guide tube is enhanced. The key 
geometric parameters are further optimized by analyzing a series of cases for different geometry settings. The 
optimized ranges of dimensionless parameters has been obtained and studied respectively. This research provides 
guidelines for geometrical optimization of the cryogenic storage tank and helps to improve its cooling performance. 
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
As an important form of hydrogen storage, liquid hydrogen is the main material of space propellant. 
Due to the extremely low density and boiling point (20 K at 0.1 MPa), it is difficult to realize long time 
efficient storage for hydrogen when the cryogenic tank absorbs the outside heat leak and the pressure will 
rise quickly to jeopardize the tank safety. The zero boil-off (ZBO) concept has evolved as an innovative 
means of pressure control integrating passive insulation, active heat removal, and forced mixing within 
the tank to realize the long-term storage of liquid hydrogen without venting or breaking. Ho presented a 
numerical study on the cryogenic storage tank with nozzle injection [1]. Panzarella investigated the 
pressure control of cryogenic tanks through the application of a sub-cooled liquid jet [2]. In this paper, the 
numerical simulations could provide design guidelines and structural optimization for the ZBO tank. 
2. New cryogenic tank with guide tube 
The ZBO tank filled with liquid hydrogen has a cylindrical wall tank with elliptical top and bottom, 
and its wall is made of aluminum surrounding with a multi-layered blanket of cryogenic insulation (MLI). 
This paper proposes an improved ZBO storage tank with guide tube presented in Fig. 1. An inlet tube is 
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attached to the top shell of the tank at one end and connected to a nozzle head with many nozzles 
submerged in the liquid at the other end. The nozzle head is equipped with a concentric guide tube. 
Nozzles are distributed uniformly at full span of the nozzle head and the guide tube opening. To realize 
ventless pressure control, subcooled hydrogen is pumped through the inlet tube and then discharged into 
the tank through nozzles. After mixing, the high temperature fluid exits the tank through the outlet and 
chilled to be subcooled liquid again in heat exchanger. The guide tube leads the subcooled liquid to the 
tank bottom, which reduces stagnant region with high temperature and cools down the wall directly.  
 
 
 
 
 
 
 
 
 
  
 
 
   Fig.1. Schematic diagram of the cryogenic storage tank.             Fig.2. Axial-symmetric model with the basic dimensions 
The variable geometric parameters considered are as follows: the distance from the guide tube opening 
to the bottom (G), the radius of the nozzle head (L) and the depth of the nozzle head measured from the 
top (H). A parametric analysis is developed to optimize the design of the ZBO hydrogen storage tank in 
microgravity. The simulations can also be used to optimize the design of a routine ZBO system. 
Considering the structural symmetry, an axisymmetric model is shown as in Fig.2. All the essential 
dimensions are denoted in form of the capital letters A-I, L, P and T. The constant dimensions given 
herein are: A=1.50 m, B=0.65 m, C=1.30 m, F=P=0.02 m. 
In order to obtain the general rules and help to realize the structural optimizatiion of other similar 
cryogenic tank, the geometric design parameters can be presented in dimensionless form by scaling to a 
characteristic dimension. The radius of the cylindrical wall of the tank, A, was chosen as the criterion. 
3. Mathematical Model and Numerical solution 
This paper assumes that the flow is steady, turbulent and incompressible with constant thermal 
properties. The governing equations for the conservation of mass, momentum, and energy are solved in 
the entire computaional region simultaneously. Reynolds’ time average equations are employed to 
model the turbulent flow[3]. In microgravity, both the effect of gravity and buoyancy can be negligible. 
The conservation equations of mass and momentum can be described as:  
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Applying the assumptions of no heat generation, negligible viscous dissipation and pressure work, 
the equation for the energy conservation can be described as: 
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In Eq (4), tD  stands for the turbulent thermal diffusivity, D  represents the thermal diffusivity, and 
the sum of them results to the effective thermal diffusivity. 
To solve the governing equations and boundary conditions, the finite volume method for was 
employed. The computational region was meshed into the quadrilateral elements, and the CVs near the 
nozzle head opening, the guide tube, liquid-wall interface were refined to resolve any thermal or 
momentum boundary layers developed at these regions [4]. To get the accurate numerical solution, an 
analysis of grid independence had been carried out. The finally adopted grid number varied between 
31002 and 32515 according to the different cases. 
In this study, we adopted relevant thermal properties of liquid hydrogen and the boundary condition in 
reference [1], taking it as constants at temperature of 20 K: ρ =71.1 Ϳ /m3,μ =13.6×10-6 PaЬS, 
cp=9.53×103 J/(kg•K), k= 0.0984 W/(m•K); the boundary condition: inlet velocity Uin=0.01 m/s, inlet 
temperature Tin=18 K, and heat flux on the tank wall qw=1W/m2. 
4. Results and Discussion 
Thirteen simulation cases according to different values of the design variables have been carried out 
and shown in Table 1. To estimate the effect of the structural parameter on the chilling performance of 
the cryogenic storage tank, the dimensionless wall temperature had been chosen as the evaluating index, 
especially using the maximum value [5]. The dimensionless temperature can be usually defined as: 
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Table 1. Thirteen simulation cases and the maximum T*of each case 
Cases H(m) L(m) G(m) H* L* G* Maximum T* 
1 1.3 1.0 0.1 0.87 0.67 0.07 0.0388 
2 0.8 1.0 0.1 0.53 0.67 0.07 0.0695 
3 1.1 1.0 0.1 0.73 0.67 0.07 0.0537 
4 1.5 1.0 0.1 1.00 0.67 0.07 0.0432 
5 1.8 1.0 0.1 1.20 0.67 0.07 0.0589 
6 1.3 0.9 0.1 0.87 0.60 0.07 0.0449 
7 1.3 1.1 0.1 0.87 0.73 0.07 0.0502 
8 1.3 1.2 0.1 0.87 0.80 0.07 0.0493 
9 1.3 1.3 0.1 0.87 0.87 0.07 0.0546 
10 1.3 1.0 0.2 0.87 0.67 0.13 0.0472 
11 1.3 1.0 0.3 0.87 0.67 0.20 0.0440 
12 1.3 1.0 0.4 0.87 0.67 0.27 0.0447 
13 1.3 1.0 0.6 0.87 0.67 0.40 0.0434 
Through the 13 numerical experiments, the maximum dimensionless temperature T* of each case was 
obtained, as shown in Table 1. Effects of the changing parameters on maximum dimensionless 
temperature T* were also shown in Fig 3. From Fig.3, the optimum range of each parameter and the best 
value can be found. The cooling performance is not sensitive to the increase of G* after it reaches 0.2, 
and the optimal values for H* and L* exist in the range of 0.8-0.9 and 0.6-0.7 respectively. 
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Fig.4 shows the dimensionless wall temperature distribution curves of different guide tube length and 
the comparison with the best case in ref [1]. The dimensionless arc length of the tank is measured from 
the apex of the bottom. In Fig.4, there are two dangerous peaks on the graph representing two stagnant 
regions with high temperature. It was very important to decrease these peaks. After using guide tube, the 
temperature was much lower than that without guide tube (the base geometry in ref [1]). The best case, 
named case 1 in this paper, has H*=0.87, L*=0.67, G*=0.07. The reduction range of the two peaks for 
case 1 are 48.6λand 37.2λ , respectively. Therefore, conclusion could be made that the cooling 
effectiveness of storage tank is notably enhanced because of the introducing of the guide tube. 
        
              Fig.3. Effect of geometry parameters on maximum T*        Fig.4. The distribution curves of dimensionless wall temperature  
5. Conclusions 
The two-dimension model in microgravity condition had been built. Through numerical simulations, 
the effect of the geometry on the chilling performance can be further understood and it can provide the 
optimum design guidelines for a liquid hydrogen ZBO tank. It was found that higher temperature region 
always appeared on the top and bottom of the tank. The guide tube can improve the chilling performance 
and cool down the tank wall to a lower temperature than the geometry without guide tube. The reduction 
proportion of the two peaks are 48.6λand 37.2λ for the comparison of case 1 and base case in ref [1]. 
The optimum ranges for the key dimensionless parameters are H*=0.8-0.9, L*=0.6-0.7, G*=0.05-0.1. 
This paper proposes guidelines for geometrical optimization of the cryogenic storage tank and helps to 
promote its chilling performance, thus the long term propellant depot project in space could be achieved.  
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